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Introduction
Heterogeneous chemical reactions are ubiquitous in the atmosphere and play a strong role
in its chemical composition and physical properties.1-2 Aerosols and/or solid environmental surfaces can alter the chemical composition of the atmosphere by promoting specific reaction pathways
that are unique to the surface and their interaction
with the gas phase.3-4 Understanding how heterogeneous chemical reactions alter the physical and
chemical properties of the atmosphere is critically
important, as these reactions play many roles in
the climate system. For example, heterogeneous
reactions often increase the hygroscopicity (the
capacity of a material to absorb water from the
air) of organic aerosols and improve cloud nucle-

ation.5 The nucleation of clouds by atmospheric
aerosols and their effect on light scattering (i.e., the
indirect effect) represents one of the largest uncertainties in global climate models.6-7 Additionally,
the direct effect aerosols have on scattering Earthbound solar radiation also represents a large uncertainty in climate models.6-7 These reactions can
also lead to organic and inorganic aerosols that
have deleterious effects on human health.8 Thus,
continued research of heterogeneous reactions on
atmospheric aerosols and environmental surfaces
is critical as, despite the numerous studies already
conducted, many uncertainties in large scale climate models still remain.7
The focus of this investigation is the reactive
and irreversible uptake of volatile organic compounds (VOC) on environmental metal oxides
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(EMO), the principle component of mineral dust.
Many studies (see references 3, 4, 10 and references therein) to date have examined the reactivity of EMO and researchers have found them
to be important in atmospheric chemistry. For
example, long before the heterogeneous chemistry of anthropogenic origins plagued air quality,
ice core samples demonstrated that aerosols from
mineral dust circled the globe for hundreds of
millennia.9 Mineral dust is largely composed of
inorganic compounds, and metal oxides are often
the dominant species.4 Unlike in the chemistry
of organic aerosols, metal oxides such as titanium(IV) oxide, TiO2, are well known for their photocatalytic (the acceleration of a reaction driven
by light) and reactive properties. These properties
are exploited in environmental remediation,10 and
it has been suggested that these properties could
lead to unaccounted-for heterogeneous reactions
in atmospheric climate models.10-11 Indeed, TiO2
has received much interest in the literature due to
its unique catalytic and photocatalytic properties
in heterogeneous atmospheric chemistry.10 Still,
despite the large number of studies, many unexplored research directions remain.10 Conducting
quantitative experiments under appropriate conditions of state and composition is the biggest
challenge of these; this investigation describes
pursuits toward that end.
The central hypothesis of this investigation is
that small gas phase VOC can react on mineral
dust aerosol surfaces and create larger compounds
that are more likely to stick to the surface. These
larger compounds would then be transported
long distances to regions of the world where they
may not be accounted for. The presence of such
an organic surface layer will then alter chemical
and physical properties of mineral dust aerosols.
Indeed, field studies have shown atmospheric mineral dusts are (in addition to complex mixtures of
minerals, clays, nitrates, sulfates, etc.4) often complex mixtures of various water soluble organic
acids,12 which can form organic salts13 after being
aged. We hypothesize the creation of such a layer
is condition specific and seek to quantify the formation of such a layer under appropriate condi-

45

tions of state and composition. Most quantitative
information on VOC reactive uptake is conducted
under highly idealized conditions of temperature,
pressure, and composition. Therefore, we seek to
investigate the formation of organic layers on the
surface of tailored mixtures of EMO and, eventually, actual dust samples. This investigation will
assess the efficacy of mineral dust aerosol to takeup VOC and form an organic layer under actual
atmospheric aging conditions of state and composition. Preliminary qualitative and quantitative
work is presented here using a baseline condition
with a representative VOC (acetone) and EMO
surface compound (TiO2).
Mineral dust is eroded soil particles that have
been become aloft in the atmosphere. They are
the second largest contributor to the global aerosol
burden, after sea spray aerosols.14 The chemical
composition of mineral dust is very similar, if not
identical, to that of the crustal rock from which
the dust originated.15 Many locations around the
world report mineral dust to be fairly uniform in
composition (% by weight) with respect to SiO2
(~60%) and Al2O3 (~10-15%). The lower abundance oxides, such as CaO (~6%), Fe2O3 (~5%),
MgO (~4%), and TiO2 (~1%), are variable depending on location.16,15 Most notably and pertinent to this study is TiO2, which despite having
the lowest abundance is generally the most reactive due to its photocatalytic properties10 and has
the largest uptake coefficient (the probability that
a molecular gas-surface collision leads to uptake
of the gas by the solid) in comparison to those
EMOs listed above.17
Carbonyl compounds are of interest in this
study as they are among the most prevalent and
reactive VOC in the atmosphere, arising mostly
from photo-oxidation of their parent hydrocarbon.10 For example, a field study identified the
three most common (of 23) carbonyl compounds
found in the Los Angeles troposphere to be formaldehyde, acetaldehyde, and acetone, with total
carbonyl four-hour mixing ratios of 22–29 parts
per billion by volume (ppbv).18 Shown in Figure 1
is an example of a reaction that can occur through
the EMO or acid initiated catalysis of VOC: an
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Aldol condensation reaction occurring with carbonyl compounds to form larger molecular weight
compounds.17, 19-21 If the starting carbonyl is acetone, first mesityl oxide (an enone) can form and
further reaction can lead to isophorone.17, 19-21 Additionally, isophorone is known to undergo photodimerization under actinic wavelengths (~300
nm)22 in aqueous solutions (not shown in Figure 1),
leading to even larger surface compounds. Thus,
the creation of an organic layer on EMO surfaces
under atmospheric conditions is very possible.
An interesting observation in this reaction
scheme is the creation of larger compounds via the
formation of new carbon-carbon double bonds.
Olefins are quite reactive in the atmosphere and
are subject to oxidation via ozone or the hydroxyl
radical. This suggests the reaction/irreversible uptake of carbonyl compounds on EMO could alter
the chemical properties of mineral dust because
new carbon-carbon double bonds on the surface
will be a sink for ozone. These reaction schemes
are also fundamentally interesting, as the O:C
(oxygen to carbon) ratio is decreasing in contrast to
the fundamentally accepted view that O:C ratio
should increase with chemical aging in the atmosphere.5 This also suggests such an organic layer
could alter the physical properties of mineral dust
because water uptake could be hindered with a
decrease in O:C.5
The primary results presented here deal with
sparingly small surface coverage layers (Θ, defined
as the number of monolayers) of acetone being adsorbed (i.e., stuck) or desorbed (i.e., unstuck) from
a TiO2 surface. These investigations will establish
the initial stages of testing our central research
hypothesis described above, where quantitative information on the adsorption and desorption rates
are presented. Additionally, qualitative investigations on the reaction of acetone over TiO2 to form
mesityl oxide (Figure 1) will also be addressed, as
well as future directions of research.
Methods
The Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS) technique
will be the principle analytical instrument used

in this research, which has been used extensively in atmospheric chemistry research.2 In brief, a
powdered solid is loaded into a reaction chamber
(inside the sampling compartment of a Fourier
Transform Infrared Spectrometer, FTIR), where
the gas phase environment over the surface of the
sample can be manipulated. The sample chamber
is outfitted with infrared (IR) transparent windows
(Zinc Selenide, ZnSe) and the analysis beam is
scattered diffusely off the sample surface, focused
by a set of mirrors, and then analyzed by a detector. This allows a reaction to be conducted in-situ
and to monitor changes to the surface in real time.
The IR beam will only analyze the surface of the
sample, typically about 1–10 μm deep on non-absorbing samples.23 Challenges associated with the
DRIFTS technique are related to particle size and
uniformity as well as to a very low signal that is
scattered diffusely off the surface. This makes using the technique quantitatively difficult. However, as long as particle sizes are in the micron range
and don’t change size significantly throughout a
reaction, the technique can be used quantitatively.24 Thus, the technique is ideal because we wish
to use particles in the micron size range, which are
more relevant to mineral dust in the atmosphere.
Additionally, highly reflective (weakly absorbing
between 4,000-400 cm-1) powders are ideal for
DRIFTS,24 which EMO particles most certainly
are.
Shown in Figure 2 is the experiment station
for studying the reactive/irreversible uptake of
VOC with EMO via the DRIFTS technique. This
entire apparatus (as well as the majority of data
presented here) was built and tested by undergraduate research students under the supervision
and guidance of the principle investigator (PI).25
Pictured in the top left corner of Figure 2 is the
experiment station located on the 3rd floor of the
Science A building on the Humboldt State University campus, where the Chemistry Department
is located. The station is organized in three main
areas: the FTIR, the manifold, and the computer
for data acquisition.
The manifold is built in an instrument rack
and is capable of being relocated, if necessary. In
the manifold, gas flow is controlled via an MKS
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Instruments Type 247D 4 channel readout and the
corresponding MKS mass flow controllers (MFC
– M100 B) of differing ranges, shown in Figure 2.
All gases are UHP (ultra-high purity, >99.999%
Airgas®) and are delivered via ¼” PTFE tubing
with various Swagelok® connections. Channel 1
(MFC 1) is predominantly used for O2, channel 3
(MFC 3) is predominantly used for N2, and channel 2 (MFC 2) can use He or N2, and all are controlled by switch valves depending on the experiment. Ozone (O3) can be generated, if desired, in
the manifold as depicted in Figure 2. A stream of
gas-phase VOC is created by diluting the flow of
an organic liquid from a syringe pump (KD Scientific, KDS-100) with the flow of UHP N2 from
MFC 3 (Figure 2). A 25 μL Hamilton syringe (gastight) is used with a septum inserted into a Swagelok® union tee and can generate reliable flow rates
of 0.1–10 μL/hr. When a VOC is mixed with 100
SCCM (standard cubic centimeters per minute)
of N2 from MFC 3 at a syringe pump flow rate
of 0.1 μL/hr, a stable mixing ratio of a nominal
organic (molar mass ~75 g/mol, density ~0.8 g/
mL) of 4 parts per million by volume (ppmv) can
be generated after traversing the 25-foot mixing
coil (Figure 2).
The TiO2 samples were prepared for analysis
by DRIFTS using a similar version of the grinding method described by Finlayson-Pitts et al.,26-27
which is known to create fairly uniform particle
sizes between 1–5 μm. Preliminary imaging studies have been conducted as The College of Natural
Resources and Science (CNRS) instrument core
contains a Scanning Electron Microscope (SEM,
Quanta 250) available to properly trained undergraduate students. Figure 3 shows one example,
which demonstrates that, after grinding, the particles are polydisperse in size with some being greater
than ~1 μm and most being in the sub-micrometer
regime. After grinding, the TiO2 is stored in a crucible in an oven at 115 0C and is only exposed to
atmosphere for very brief periods of time during
loading into the spectrometer. In the quantitative
studies presented here, five nearly identical samples
were created, using the methods described above,
to investigate the reproducibility of our methodologies. These samples where loaded into shallow (~3
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mm deep) cylindrical sample cups with a surface
area exposed to the gas phase, ideal for analysis via
DRIFTS, where the physical properties of these
samples are shown in Table 1 below.
TABLE 1: Physical Properties of TiO2 Samples
Sample

Mass (mg)

Exposed Geometric
Surface Area (mm2)

1

103.6

46.6

2

133.7

47.8

3

128.1

51.5

4

99.7

45.4

5

129.1

46.6

Pictured in the top right corner of Figure 2
is the DRIFTS cell (Spectra Tech Inc., 6106640),
which consists of a flow-through manifold, vacuum line, heater block, thermocouple, and manifold
for liquid coolant. All preliminary experiments
have been conducted without heating or cooling
the sample, at ~280C. The sample holder is outfitted with ZnSe optics to minimize damage due to
exposure of ozone or water vapor, which can degrade salt optics such as KBr. Thus, the DRIFTS
cell can maintain a desired environment over the
surface of the sample. In a typical experiment, a
mixture of gases from the manifold is delivered to
the DRIFTS cell at 100. standard cubic centimeters per minute (SCCM) to avoid pressurizing the
cell (DRIFT cell volume = 5.3 cm3, 1/16” Swagelok® connections), which is confirmed by measuring the flow rate before and after the cell. A flow
of UHP purge gas air (Parker-Hannifin Spectra
30) is also delivered to the FTIR (Thermo Nicolet Inc., Avatar 370) continuously whether experiments are being conducted or not.
Uptake studies are initiated by recording a
background single beam spectrum of TiO2 after
purging the sample with 100. SCCM of UHP N2
for ~1 hour. Subsequent spectra are then recorded
by ratioing new single beam spectra to the initial
single beam spectrum using the Kubelka–Munk
(KM) algorithm (preferred qualitative methodology)28 or the standard Absorbance (A) algorithm
(preferred quantitative methodology)2 after a

ideaFest
Journal

André, Eskandary, Franklin, McCann,Pascual-Diaz, Pitch, Rincon, Wright, Harmon

48

change is imposed on the surface (i.e., uptake of
VOC). Using this methodology, the spectra reveal
dynamic processes occurring at the gas/solid interface.26-28 Negative features in the spectra indicate that a functional group has left the surface
or has been modified, whereas positive features in
the spectra show that a new functional group has
been created on the surface or an existing functional group has been modified.26-28 A representative series of spectra is shown in Figure 2, where
different colors indicate evolving oxidation times
in a different experiment not discussed in this article. In nearly all experiments, anywhere from
100–250 scans are acquired and averaged into one
spectrum with a resolution of 4 cm-1 using an intermediate interferometer speed (0.47 cm/s) and
the largest gain, which maximizes instrument sensitivity but may degrade the signal to noise ratio.
Results
Shown in Figure 4 is KM DRIFTS spectra
of the adsorption of 5 ppmv of acetone (purified by distillation) in the gas phase (N2 only) on
TiO2. Spectra were recorded as described above,
where acetone adsorption spectra were ratioed to
TiO2 that was purged with dry UHP N2 for one
hour. Table 2 also summarizes the results of acetone adsorbed to TiO2, which are consistent with
previous studies.19-21, 29 Not shown in Table 2 is
the negative peak at 3670 cm– 1, shown in Figure
4(c), which corresponds to modification of surface
bound H2O and OH groups on TiO2 as a result of

acetone adsorption. This peak is consistent with
other observations19-21, 29 and is a good indication
that the spectra, shown in Figure 5, arise from irreversibly, adsorbed acetone.
Shown in Figure 5 is a representative quantitative experiment (Sample #5), where spectra
were recorded in Absorbance mode. The experimental data shown in Figure 5 was acquired as described above, where a series of single beam spectra are ratioed at various time intervals as acetone
is flowing over the surface of TiO2. The manifold
has a bypass 3-way valve (not pictured in Figure
2), where a stable mixing ratio of acetone can be
established and exhausted to a fume hood prior
to exposure to the sample surface in the DRIFTS
cell. This allows us to initially establish a clean and
dry single beam background spectrum and switch
the bypass valve from exhaust mode to exposure mode,
which establishes the beginning of a kinetic experiment (i.e., time = 0). Adsorption studies are initiated by switching from exhaust mode to exposure
mode and are conducted for ~1 hour using approximately 50 ppmv of acetone, after which time
desorption studies are initiated by switching the
valve back to exhaust mode. Thus, each time an
adsorption experiment was conducted a desorption experiment followed immediately, where the
sample is purged with UHP N2 only and ratioed to
the same initial single beam background prior to
any acetone exposure.
Each of the samples shown in Table 1 were
tested twice, where an adsorption study was initiated, as described above, followed immediately by

TABLE 2: Peak Assignments of Acetone Adsorbed on TiO2
Vibration
Mode

Frequency
(cm-1)

Frequency
(cm-1)

This Work

Literature

ν(C–H)

2972

2971–2973

19-21, 29

ν(C=O)

1703, 1693

1688–1702

19-21, 29

ν(C–C)

1240

1238–1243

19-21, 29

δas(CH3)

1423

1420–1422

19-21, 29

δs(CH3)

1365

1365–1368

19-21, 29
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a desorption study. Interestingly, all samples tested
(and their respective trial replicates) showed very
similar behavior to that seen in Figure 5 with the
exception of sample #2, which did not demonstrate any level of acetone adsorption. While the
behavior of each sample (less #2) was very similar,
with respect to adsorption/desorption of acetone,
the absolute absorbance data was not identical.
For example, Figure 6(a) shows the first trial replicate peak absorbance for samples #1, 3, 4, & 5
in adsorption mode (note, sample #2 is not shown
as no adsorption or desorption was detected). As
shown in Figure 6(a), the absolute peak absorbance
from sample to sample is not the same; however,
when the data is normalized the adsorption and
desorption data from sample to sample is very
consistent, shown in Figure 6(b). This was done
by normalizing the area under the curve between
1740–1660 cm-1 (i.e., the carbonyl region) in spectra, recorded just prior to switching to exhaust/
desorption mode. Error bars arise in this analysis
from also averaging in the normalized peak absorbance. In this methodology, all experiments will
achieve adsorption equilibrium at a normalized
value of 1.0 and the desorption equilibrium value
is unknown a priori. Predictive models for adsorption and desorption are also shown as solid lines
and shaded areas in Figure 6(a,b), which will be
discussed in more detail below.
When a large surface density of acetone molecules are present (Θ > 0.3)19-21, 29, they are in close
enough proximity to each other to undergo an
Aldol condensation, leading to the formation of
mesityl oxide and possibly isophorone as shown in
Figure 1. This result has been reasonably corroborated and is shown in Figure 7. In this experiment
a large (qualitative, unknown a priori) amount of
acetone was passed over the surface of TiO2 in
the DRIFTS cell for ~60 minutes, where similar
behavior as that seen in Figure 5 was observed.
However, when the experiment was switched into
desorption mode (by purging the surface with
UHP N2) the spectra revealed a chemical change
as seen in Figure 7(a,b).
The classic text-book30 acid-catalyzed aldol
condensation reaction mechanism is shown in
Figure 7(c) to assess if the spectra shown in Figure
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7(a,b) are evidence of mesityl oxide formation. In
step 1 of the mechanism, acid catalyzed enolization occurs via protonation of the carbonyl group,
leading to the production of water and an electrophilic protonated ketone (i.e., the conjugate acid of
acetone). Some of those conjugate acids can undergo further proton transfer reactions with available water molecules to create a stable enol, which
will act as a nucleophile (i.e., Lewis base) and attack
the carbonyl carbon of the electrophilic protonated ketone shown by step 2. The first two steps in
the mechanism are critical, as they are what create
new carbon-carbon bonds, owing to the creation
of larger molecular weight compounds. The evolution of function groups in DRIFTS spectra from
0–17 minutes suggests this mechanism (or something similar) is occurring on the surface of the
TiO2 particles. As can be seen in Figure 7(a), from
0–7 minutes the surface hydroxyl peak (3670 cm–1)
reduced in intensity while a new band most likely
associated with water (νs/νas, 3412 cm–1) appeared.
This is evidenced with the protonation of the ketone group and production of water in step 1. Additionally, from 0–7 minutes Figure 7(b) shows a
drastic reduction in the intensity of the carbonyl
peak (ν(C=O), 1703 cm–1) with the appearance
of a shoulder at 1666 cm–1. As the spectra evolve
from 7–17 minutes the carbonyl peak completely
disappears, consistent with the nucleophilic attack
of the enol on the conjugate acid leading to the
creation of an α-hydroxy carbocation shown by
step 3. Additionally, ν(C–H) and δ(CH3) features
(3,000–2800 and 1447 cm–1, respectively) are seen
during this time interval, which is also consistent
with steps 2 and 3. As the spectra evolve from
17–57 minutes it becomes difficult to discern the
mechanism and associated functional groups. For
example, previous researchers have assigned adsorbed mesityl oxide ν(C=C) and ν(C=O) to be
1602 and 1666 cm–1, respectively 29, which we do
see in our spectra; however, the intensity of both
of these peaks should be very similar. Figure 6(d)
shows a NIST reference spectra of mesityl oxide
vapor,31 where the intensities of both ν(C=C) and
ν(C=O) are similar (albeit shifted ~30 cm–1 higher
due to it being a gas). Indeed, previous researchers also see similar intensities in both ν(C=C) and
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ν(C=O) for adsorbed mesityl oxide.29 Thus, it is
unclear if these spectra are in fact confirmation
of mesityl oxide formation or if we are just limited by an older, less sensitive instrument. Similarly,
the NIST reference spectra of isophorone vapor31
is also shown, which is a potential product that
could form through further acid catalyzed (or surface catalyzed) Aldol condensation reaction mechanisms.17 The ν(C=O) peak at 1694 cm–1 (likely
shifted to around ~1660 cm–1 in the adsorbed
phase) should be much more prominent than the
ν(C=C), which does not appear to be the case in
the DRIFTS spectra shown in Figure 7(a,b) either.
These observations raise the question if they are
from a limitation of our instrument or actual differences in the observed chemistry. Further investigations are most certainly warranted.
Discussion
The combination of qualitative and quantitative data, shown above, represents a baseline
level of progress towards investigating our central
hypothesis: that small gas phase VOC can stick
and react on mineral dust aerosol surfaces, which
will create larger compounds that can modify the
physical and chemical properties of such mineral dust. The efficacy at which these VOC adsorb
(i.e., stick) and desorb, we predict, is highly dependent on the surface conditions present in a sample,
such as its surface area, crystal structure, what is
has been exposed to prior to VOC exposure, etc.

Thus, a number of quantitative parameters can
be used to compare each of these condition specific adsorption/desorption profiles; however, 1st
order rate constants for adsorption/desorption
will be the principle quantitative parameter that is
presented for now.
A simple 1st order kinetic model approaching
equilibrium was fit to the data, shown by equation 1, where [A]t , [A]e and [A]0 can represent
the normalized or un-normalized concentrations
at any time (t), equilibrium, and initially (t=0), respectively, k is the first order rate constant, and t is
time in minutes.
(1)
This model can be applied to the adsorption or
desorption studies, where in the adsorption studies
the theoretical normalized value for [A]e and [A]0
are 1 and 0, respectively, thus making equation 1:
1–e–kt. In the desorption studies the theoretical values for [A]e are unknown a priori and that of [A]0
should be 1. These predictive models are shown as
solid lines in Figure 6(a) for each respective sample
(where values are not normalized) as well as for the
entire normalized data set in Figure 6(b). In each
of these parameterizations the rate constants, k,
should be very similar; however, the equilibrium
and initial values ([A]e and [A]0, respectively) will
obviously be different whether the data has been
normalized or not.

TABLE 3: Summary of fit parameters a given by equation 1
Adsorption

Adsorption

Adsorption

Desorption

Sample

k (min–1)

[A]e

[A]0

k (min–1)

1

0.124±0.023

0.958±0.029

0.013±0.090

0.0405±0.0230

0.741±0.036

0.965±0.216

3

0.117±0.018

0.968±0.035

0.006±0.073

–

–

–

4

0.133±0.043

1.042±0.060

0.026±0.152

0.0436±0.0161

0.669±0.042

0.983±0.146

5

0.112±0.018

1.006±0.033

-0.032±0.069

0.0503±0.0223

0.629±0.054

0.998±0.181

All

0.116±0.014

0.957±0.022

0.032±0.056

0.0631±0.0262

0.716±0.029

0.993±0.171

a

Desorption
[A]e

Fit parameters are conducted at the 95% confidence interval
ideaFest
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Summarized in Table 3 are results for the 1st
trial replicate of the normalized results and their
respective quantitative parameters (note, due to
technical errors the desorption data for Sample 3
was not able to be analyzed; however, did proceed
very similarly as the other data sets).
The results are presented as individual
samples as well as for all data (i.e., “All”), which
is the exact same data that is seen in Figure 6(b).
As can be seen in Table 3, the theoretical values
for [A]e and [A]0, with respect to adsorption, are
as exactly as they should be, barring some amount
of data fitting error associated with the very low
signal present in spectra. Additionally, all rate constants for both adsorption and desorption studies
are self-consistent with each other and within the
95% confidence interval.
Most interesting for this study is the difference between adsorption and desorption rate
constants, where, consistently, the adsorption rate
constant is nearly double that of the desorption
rate constant. Applying fundamental concepts of
equilibrium to this observation, a simple equilibrium constant (Keq) and corresponding change in
Gibbs Free Energy (∆G) can be calculated, which
is shown by equation 2.32 Here kad and kdes represent
the adsorption (i.e., forward) and desorption (i.e. reverse) rate constants, respectively, R is the universal
gas constants in units of J mol-1 K-1, and T is the
temperature in units of K.
(2)
Using this equation Keq is calculated to be (for
ALL data) 1.84 ± 0.80 and ∆G (at 287 K, the average
planet-wide temperature) is –1.51 ± 0.66 kJ mol–1.
Despite the fact that there is fairly large error in
these parameters (~40%), the sign and magnitude
are significant and confirm our central hypothesis
that small VOC can stick to the surface of EMO.
For example, a negative Gibbs Free energy (correspondingly, an equilibrium constant greater than
1) suggests acetone will spontaneously stick to an
EMO surface at most atmospheric temperatures.32
This is confirmed by the fact that the equilibrium
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parameter value (i.e., [A]e) in the desorption studies
is 0.716 ± 0.029, which means, on average, after
acetone has spontaneously stuck itself to a surface
(i.e., adsorption) roughly 68.7–74.5% will remain
on the surface at equilibrium. Indeed, to test this
observation all samples were left in the DRIFTS
sample chamber overnight, after the ~1 hour of
desorption studies, and 24-hours later the acetone
signal was very similar, if not identical, to the last
spectra recorded! This indeed confirms acetone
attains an equilibrium surface coverage and will
NOT reversibly desorb.
Conclusions and Future Directions
In this study we have shown that acetone, a
VOC largely present in the atmosphere, can spontaneously and irreversible stick to a TiO2 surface,
which is a small, yet representative component of
mineral dust aerosol. This sticking appears to be
quite strong and, over atmospheric time scales of
hours and days, may remain stuck to the mineral
dust surface and be transported long distances to
another part of the world, where it is perhaps not
accounted for. Additionally, when the surface coverage of acetone is large (and unknown a priori in
our experiments) it self-reacts via the Aldol Condensation mechanism and forms a larger compound that could change the surface properties
of its host mineral dust.
The preliminary work we have presented
here is significant to the atmospheric chemistry
and air pollution community as we have shown
small gas phase molecules, which are expected to
remain in the gas phase, can stick irreversibly to
solid aerosol (specifically mineral dust) surfaces.
Given that the direct and indirect effects aerosols
have on scattering Earth-bound solar radiation
represents a large uncertainty in climate models6-7,
continued research on aerosols and their interaction with the atmosphere is desired. For example,
the reactions shown here can modify the chemical
and physical properties of mineral dust, making
their role in the climate system less known. Additionally, adsorbed surface organic compounds
(i.e., acetone, mesityl oxide, etc.) can also lead to
aerosols that have deleterious effects on human
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health.8 Thus, continued research in this direction is critical as, despite the numerous studies
already conducted, many uncertainties in large
scale climate models and the effect atmospheric
aerosols have on human health still remain.7
In the future, we wish to systematically age
our EMO samples prior to any VOC adsorption/desorption by exposing those EMO samples
to light, relative humidity, an oxidizing environment, etc., and measure how the adsorption/desorption rate constants with respect to acetone
(or any other VOC) change as a result. These
future experiments aim to mimic actual chemical and physical aging as it may occur in the real
environment/atmosphere. Additionally, we also
seek to quantify how the formation of mesityl
oxide changes as a result of this atmospheric aging. We already have some evidence that suggests
these types of surface processing or aging can
make a big difference in the uptake of VOC. For
example, Sample #2 consistently did not display
any type of irreversible uptake or surface chem-

istry despite the fact that it was created identically to the other samples and looks identical as
well. A simple hypothesis for this observation is
that the surface of Sample #2 was inadvertently
exposed or contaminated to some laboratory or
atmospheric species, thus rendering its surface
chemistry inert. Further investigation is most certainly desired. Last, we seek to gain even more
quantitative information by gaining the ability to
quantify the absolute number of molecules present on the surface. This will allow us to investigate the kinetic competition between irreversible
adsorption/desorption and formation of mesityl
oxide, which will be critically important to validate our hypothesis that the presence of large
surface compounds can change the physical and
chemical properties of the host mineral dust material. Investigating how the physical and chemical properties of mineral dust are altered by the
presence of such surface compounds, is also a future direction of research in our group.

Figures

Figure 1: Acetone Aldol condensation occurring through EMO or acid catalyzed mechanisms.
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Figure 2: Experimental DRIFTS and manifold station. Key: VOC = volatile organic compound,
MFC = mass flow controller, UHP = ultra-high purity, SCCM = standard cubic centimeter per minute, DRIFTS = diffuse reflectance infrared Fourier transform spectroscopy, IR = infrared.
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Figure 3: SEM Image of TiO2 particles.

Figure 4(a): DRIFTS spectrum of adsorbed acetone (5 ppmv gas phase) on TiO2.
(b) carbonyl region, (c) O-H and C-H
stretching region, (d) C-C and C-H region
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Figure 6: (a) Peak absorbance of adsorbed
acetone (50 ppmv gas phase) on TiO2 as a
function of time and sample. (b) Normalized
absorbance signal (adsorption and desorption)
as a function of time for Samples 1, 3, 4, &
5. In both (a) and (b) the data points are
measured quantities whereas the solid lines
(and shaded areas) are predictive models.

Figure 5(a): DRIFTS spectrum of
adsorbed acetone (50 ppmv gas phase) on
TiO2 as a function of time. (b) Desorption
of acetone (50 ppmv gas phase) on TiO2
as a function of time. (c) Peak absorbance
(~1700 cm-1) as a function of total time
(note, 63.2 min on adsorption graph = 0 min
on desorption graph).
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Figure 7(a,b): DRIFTS spectra of acetone reacting on a TiO2 surface. (c) Text book
acid-catalyzed Aldol condensation reaction. (d) NIST reference spectra of mesityl oxide
and isophorone.
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